We derive the spectra arising from non-relativistic dark matter annihilations or decays into intermediary particles with arbitrary spin, which subsequently produce neutrinos or photons via two-body decays. Our approach is model independent and predicts spectral features restricted to a kinematic box. The overall shape within that box is a polynomial determined by the polarization of the decaying particle. We illustrate our findings with two examples. First, with the neutrino spectra arising from dark matter annihilations into the massive Standard Model gauge bosons. Second, with the gamma-ray and neutrino spectra generated by dark matter annihilations into hypothetical massive spin-2 particles. Our results are in particular applicable to the 750 GeV diphoton excess observed at the LHC if interpreted as a spin-0 or spin-2 particle coupled to dark matter. We also derive limits on the dark matter annihilation cross section into this resonance from the non-observation of the associated gamma-ray spectral features by the H.E.S.S. telescope.
I. INTRODUCTION
There is plenty of evidence for the existence of particles beyond the Standard Model (SM) [1] [2] [3] . These particles, which constitute the so-called dark matter (DM), have only been observed through their gravitational interactions and, consequently, very little is known about their mass or quantum numbers. Currently, there are at least three search strategies aiming to identify those properties [4, 5] . One of them, indirect searches of DM, relies on the assumption that DM could annihilate or decay into SM particles, a common feature of the popular weakly interacting massive particle (WIMP) DM. Of particular importance are photon and neutrino final states because these particles are not deflected by electromagnetic fields on their way to Earth and hence point directly back to the place where they were produced. This allows us to focus our search on regions of the sky where the concentration of DM is known to be high.
Still, one of the biggest challenges to this endeavor is the proper identification of the astrophysical backgrounds. Because of that, only DM annihilations or decays leading to sharp spectral features that can stand out over the featureless soft background are considered smoking-gun signatures for discovery. Such spectral features can be classified into three categories: monochromatic lines, virtual internal Bremsstrahlung (VIB) and box-shaped spectra (see Ref. [6] for a review). The former arise in two-body decays or annihilations into neutrinos or photons. The gamma-ray spectral feature associated to VIB takes place, for instance, when a symmetry of the DM initial state is not fulfilled by a particular two-body final state but it is satisfied by the same final state once a photon is emitted from the internal lines [7] . Similar features can occur for neutrinos if they belong to a threebody final state [8] . Finally, box-shaped spectra appear when DM annihilates or decays into scalar mediators, which subsequently decay into neutrinos or photons [9] .
All of these spectra can mimic lines and can in particular be easily disentangled from a featureless soft background.
In this article, we will consider box-shaped spectra for mediators with arbitrary spin. The resulting spectra are derived model-independently and are determined only by the polarization of the intermediate particle decaying into neutrinos or photons. In particular, when the intermediate particle is unpolarized, we will show that a flat box-shaped spectrum is generated.
We will use these concepts to describe the neutrino spectrum generated from DM annihilation into polarized SM gauge bosons. Then we will apply them to DM annihilations into massive spin-2 particles. This discussion is timely given the recent 750 GeV diphoton excess at the LHC [10] [11] [12] [13] , which can only be interpreted as a new spin-0 or spin-2 resonance according to the Landau-Yang theorem [14, 15] .
While not yet statistically significant, hundreds of articles have already been written about possible interpretations and implications of this excess. If confirmed, the most pressing issue would be the determination of the new particle's spin via the angular diphoton distribution, followed by measurements of couplings and branching ratios. For spin-2 resonances, a common gravity-inspired model benchmark is to assume universal couplings to all SM particles via the total energymomentum tensor, implying fixed branching ratios. This scenario is however disfavored by dilepton searches [16] [17] [18] , making different couplings to photons and leptons necessary to fit the diphoton resonance, which can be obtained for example in generalized Randall-Sundrum [19] models [20] [21] [22] .
It is not far fetched to assume that the diphoton resonance R also couples to DM [23] [24] [25] [26] . Together with the name-giving decay R → γγ, this implies interesting indirect-detection signatures, e.g. monochromatic lines from DM DM → R * → γγ [23, [27] [28] [29] or box-shaped spectra from DM DM → RR → 4γ [23, 30] . As we will show in this article, the gamma-ray spectrum of the latter depends on the polarization of the diphoton resonance R. We also consider the potential spectral features of neutrinos, even though the diphoton resonance has no dilepton counterpart as of now.
This article is organized as follows. We start Sec. II with a detailed discussion of DM annihilation into intermediary (polarized) W bosons, followed by the decay into neutrinos, to illustrate the resulting spectral features. In Sec. III, we generalize this example to intermediary particles of arbitrary spin and present the possible polynomial box-shape features from their decay. Sec. IV gives a number of examples on how to produce a polarized spin-2 particle from DM annihilation and the corresponding gamma-ray and neutrino spectra. Motivated by these examples, we discuss model-independent spectra from a spin-2 mediator coupled to DM in Sec. V and discuss the connection to the diphoton resonance in Sec. VI. Finally, we conclude in Sec. VII.
II. ANNIHILATING DM INTO POLARIZED GAUGE BOSONS
We start off with a simple example to illustrate the concepts and familiarize ourselves with the notation. Consider WIMP DM that annihilates (or decays) into W or Z bosons. If the DM particle is much heavier than the electroweak scale, the massive gauge bosons arising from DM annihilations are expected to be polarized [31] . This can be understood with the Goldstone-boson equivalence theorem (GBET) [32, 33] : the longitudinal modes are associated to the Goldstone boson that is absorbed by the vector particle in order to gain mass and are thus related to the interactions of the SM scalar doublet H, whereas the transverse modes arise by pure gauge interactions. Since scalar and gauge interactions may have different strengths, the emission of longitudinal and transverse bosons occurs at different rates.
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In order to illustrate this more precisely, let us consider models where WIMPs with non-relativistic velocities annihilate into W + W − . We find it convenient to introduce the branching ratio into the different polarizations m and n of the W bosons as
Here, m = 0 corresponds to longitudinal and m = ±1 to transverse modes relative to the W m momentum. In models where DM is a Majorana fermion with SU (2) L quantum numbers (examples could be Wino, Higgsino [34] or Minimal DM [35] [36] [37] ), we find
This means that the gauge bosons are mostly transverse when the DM is much heavier than the W [31] . This is not necessarily the case for scalar DM: the simplest example corresponds to the situation when DM is an SU (2) L singlet S [38, 39] . Then, the only non-trivial interaction of DM with the SM takes place via the so-called Higgs portal S 2 |H| 2 . In that case, we find
which implies that the gauge bosons are mostly longitudinally polarized, easily understood with help of the GBET. An intermediate situation is the case of the Inert Doublet model [40] [41] [42] [43] , in which DM is described by a scalar SU (2) L doublet H DM that also interacts with the SM scalar via quartic couplings. Of particular interest for the annihilation into W + W − is the Higgs portal coupling λ 3 |H DM | 2 |H| 2 . The branching ratios now depend on both gauge and quartic couplings [44] ,
For large values of λ 3 , scalar interactions dominate the DM dynamics, the gauge bosons are longitudinally polarized and we recover Eq. (3). In contrast, for negligible quartic couplings, the gauge interactions determine the properties of DM, the gauge bosons produced in annihilations are mostly transverse and we recover Eq. (2). Obtaining unpolarized W bosons requires tuning the quartic coupling so that 4λ ) , time dilated in the annihilation frame by the Lorentz factor γ = E W /M W , but independent of m. However, depending on the polarization m, the neutrino will be emitted at a preferred angle θ relative to the Wemission/polarization axis (see Fig. 1 and Ref. [45] ). This translates into a different energy in the DM center-ofmass frame,
As expected, the largest neutrino energy E + ν comes from the smallest θ, i.e. those neutrinos emitted in the same direction as the W boson. The kinematic endpoints for
In between these endpoints, i.e. inside this kinematic box, the spectral shape depends on the polarization m of the interme-
The red arrows denote the polarization of particles along their direction of motion; the W + has three possible polarizations, m = −1, 0, +1.
= (E W /2) 2 (1 + β 2 /3) for unpolarized decays, (E W /2) 2 (1 + β 2 /5) for longitudinal, and (E W /2) 2 (1 + 2β 2 /5 ± β) for the transversal polarizations, where
W is the velocity of the W boson in the DM rest frame. This agrees with Refs. [45, 46] (up to a typo). 
Neutrino spectra from Eq. (6) for longitudinally polarized W (blue) and transverse W (red).
Ref. [9] for decaying scalar particles produced in DM annihilations. In contrast, when the gauge boson is polarized, the flat box is deformed into different shapes which are determined by the initial polarization. A longitudinally polarized W leads to a concave shape around the center of the kinematic box; the two transverse W modes add up to a convex spectrum. Note that unpolarized DM typically gives Br m = Br −m , so we effectively have to average over the m = ±1 spectra in most cases (see the examples above). The crucial point is that even for unpolarized DM, we generically end up with different rates for longitudinal vs. transversal W bosons, courtesy of the GBET.
With the production branching ratios of the different W polarizations and their associated neutrino spectra, we can calculate the total neutrino flux from DM DM →
is the total cross section for the process and the astrophysical factorJ ann is defined as
where ρ DM is the DM density and s the distance along the line of sight (l.o.s.). For Dirac DM, the flux is a factor 1/2 smaller compared to the Majorana DM assumed above. Since the energy spectrum is given by m Br m dNν,m dEν , if either the production or the decay is unpolarized, the polynomial feature disappears and we obtain a flat-box shape, as in the case of a scalar mediator [9] . We show this quantity in Fig. 3 Fig. 2 into a generic spectral feature. As a result, experimental limits on the flux will not depend strongly on the polarization, and hence on the SU (2) L quantum numbers of DM. Nonetheless, an improvement on the experimental resolution of neutrino detectors can overcome this difficulty and allow to distinguish the various spectral shapes.
In most cases Br m = Br −m and thus the spectrum for anti-neutrinos from the W − → e −ν will be identical to the neutrino spectrum. The same is true for Z → νν up to factors of two if the Z is produced in pairs. This concludes our example and shows that the polarization of intermediate particles in DM annihilation generically plays a role for the resulting spectra. 
III. GENERALIZED BOX-SHAPED SPECTRA
We have seen that the polarization of the W bosons emitted from DM annihilations have remarkable consequences for the spectral shape of their decay products. In this section we extend this result to other particles with arbitrary polarizations.
Suppose that DM annihilates into two particles, one of which we call X and whose spin is S. Moreover, assume that X in turn decays into two particles A and B with negligible mass, so that DM DM → Y (X → AB). The key aspect to have in mind is that the polarization of Xwhich is just the angular momentum along its direction of motion -determines the angular distribution of its decay products in its rest frame. There, particles A and B move back-to-back forming an angle θ 0 with respect to the original direction of motion of X (see Fig. 4 ). Each angle θ 0 in the rest frame corresponds to a fixed energy E A for A in the frame where DM annihilates,
so we can calculate the energy spectrum of A once the angular distribution in the rest frame is known. In order to calculate the latter, suppose that m is the angular momentum of X along the boost direction and that m is the total angular momentum along the direction of motion of the decay products. Notice that since we are sitting at the rest frame of X, its total angular momentum is simply its spin. Moreover, since the orbital angular momentum of the decay products along the direction of their motion vanishes, m is just the helicity difference of A and B. Then, the initial and final states are described by |m, S and |m , S θ0 = R(θ 0 ) T |m , S , respectively. Here, R(θ 0 ) is a rotation operator taking the direction of motion of the particles A and B into the boost direction as shown in Fig. 4 . The probability amplitude for the decay process must then be proportional to
where we introduce the Wigner d-functions [47] . As is clear from the discussion, these are just representation matrices for ordinary rotations in the spin space with total angular momentum S.
In order to find the angular distribution for a given polarization m of the parent particle, we just have to add the contribution of each helicity combination of the final state. This means that the angular distribution in the rest frame of X is given by
where C m are model-dependent positive coefficients that determine how the different polarizations couple to the particles A and B. Rotational invariance in the rest frame dictates that these coefficients are independent of m. Also, without loss of generality, we normalize them to one, m C m = 1. Using the fact that
where n is the number of A particles produced in the decay of X (n = 1 or n = 2 for B = A).
We must now boost this result from the rest-frame to the DM annihilation frame. The polarization of X does not change by boosting from one frame to another as long as we use the direction of motion of the particle X as our quantization axis. The underlying reason for this is the fact that the component of the orbital angular momentum along the direction of motion is zero in both frames. Using this and Eq. (13) we find
where
with r X = M X /M DM and x ± (y) = (y ± y 2 − r 2 X )/2. Notice that for a given process, y = E X /M DM is fixed by kinematics. For instance, the process DM DM → XX gives y = 1. The previous equation can now be used along with a generalization of Eq. (11) to calculate the differential flux for A particles
Note that although we derived our formulae for DM annihilations, they can also be applied for decays. Before discussing some general properties of Eq. (19), we first consider some particular examples for the sake of illustration.
A. Decaying scalars
Taking X to be a scalar particle, i.e. with spin S = 0, severely simplifies Eq. (18) . In this case, the Wigner d-functions are trivially equal to one, the spectrum of particles A is flat for energies allowed by kinematics and zero otherwise. We thus recover the flat box-shaped spectra that was first discussed in Ref. [9] in the context of gamma-ray spectral features, taking place when a scalar produced in DM annihilations subsequently decays into photons. Such spectra were also previously discussed in the context of cosmic rays [48] . Notice that from our general arguments, this conclusion is not only true for photons but also for neutrinos or any other light particle.
As an example of a scalar mediator within the SM, let us consider the case of DM annihilating into the SM scalar h. This will generate flat gamma-ray boxes from the decay h → γγ. Another example consists of axionlike particles produced in DM annihilations which then decay into two photons (see e.g. Ref. [49] ).
B. Decaying fermions
The next-to-simplest possibility is the case where the decaying particle X has spin S = 1 /2. Here, there are two independent Wigner d-functions, d
1 /2
linear in x. Therefore, the decay of a spin-1 /2 particle leads to spectra given by a straight line, or triangleshaped spectra. This scenario has been discussed in Ref. [50] in the context of spectral features for asymmetric DM. The slope of the triangle box is determined by how differently the final states with helicity ± 1 /2 couple. Clearly, if there is no physical mechanism that distinguishes both states, one has C1 /2 = C − 1 /2 and the flat box-shaped spectrum is recovered.
As an example, suppose that (asymmetric) DM is charged with positive τ -lepton number and that it decays into a τ − along with some other charged particle. The former decays 10.83% of the time into π − ν τ [51] . This leads to a spectrum of tau neutrinos determined by Eqs. (19) and (20) with C − 1 /2 = 1 and C1 /2 = 0, because the final state (left-handed neutrino plus scalar meson) can only have one helicity.
Likewise, for an intermediate particle with spin 3 /2, the spectrum is a kinematic box with a shape given by a cubic function of the energy. All the possible spectral shapes, as given by the corresponding angular distributions, are reported in Fig. 7 of Ref. [52] .
C. Decaying vectors
Let X be a massive vector boson, similar to the W of our example in Sec. II. In this case, the diphoton final state does not exist because of the Landau-Yang theorem [14, 15] , so we focus on the case of gauge bosons decaying into two massless fermions with helicity ± 1 /2. There, we only have the final states with m = ±1 because those with m = 0 would require a mass insertion (see below). This immediately leads to C 0 = 0. For each polarization of the intermediate particle X, there are only two relevant Wigner d-functions. For a longitudinal polarized boson, one has m = 0 and d
which is Eq. (7) for y = E X /M DM = 1. Notice that the dependence on the couplings C ±1 drops out because the corresponding squared Wigner d-functions are equal. For the transverse mode the spin component is m = ±1, we then have d 1 m ±1 (θ 0 ) = (1 ± m cos θ 0 )/2 and the corresponding spectrum is given by
This agrees with Eq. (8) for y = E X /M DM = 1 if we take C −1 = 1 and C +1 = 0. This is a consequence of the fact that the W boson only couples to left-handed fermions (and right-handed antifermions). In fact, for a vector boson X coupled to the fermionic currentBγ µ (g L P L + g R P R )A, we obtain to leading order in M A,B /M X ,
From these expressions we explicitly see that the state with m = 0 is mass-suppressed. Also, note that when parity is conserved, g L = g R and thus
Having dismissed the diphoton final state due to the Landau-Yang theorem, let us mention that anomalous processes such as Z → Zγ can occur via Chern-Simons couplings. If the Z is coupled to e.g. fermionic DM, this can give rise to monochromatic photons via s-channel Z exchange [53] . The same model will lead to quadratic gamma-ray spectra within a box from the annihilation channel DM DM → Z Z , followed by Z → Zγ according to our formulae. The corresponding coefficients are
final state AB C−2 C−1 C0 C1 C2 γγ (18) leading to the energy spectrum of decaying spin-2 particle T → AB coupled to the energy-momentum tensor. In the case when there are particles and antiparticles, our convention is that A corresponds to the particle. For the spectrum of the antiparticle, the coefficients are given by C m (B) = C −m (A).
As in the previous case, we find a mass suppression for the m = 0 state when M Z M Z .
D. Decaying tensors
For spin-2 particles T produced by DM, the spectra of A from T → AB are quartic in E A . In Fig. 5 , we depict the ones associated to m = 2 (left plot), m = 1 (central plot), and m = 0 (right plot) when each of the coefficients C m entering in Eq. (18) is set to one. The remaining spectra can be obtained from the latter by reflection around the central point (see discussion below). Notice that according to Eq. (18), any other spectrum is merely a superposition of the functions shown in Fig. 5 .
As a well-motivated example, we consider a massive spin-2 particle T that is coupled to the energymomentum tensor of its decay products (see Sec. IV). Using the Feynman rules from Ref. [54] , one can calculate the corresponding coefficients C m . We give some of them in Tab. I, including the most relevant decays into photons and neutrinos (be it purely left-handed or massive). For the massive gauge bosons, T → ZZ, W + W − , we find C 0 = 1 13 in contrast to the diphoton case, T → γγ, for which C 0 = 0. This contribution can be traced back to the Goldstone modes associated to the massive part of the gauge bosons, and is closely related to the mismatch of the total decay rates Γ(T → γγ)/Γ(T → ZZ) [54] . We will discuss the spin-2 tensor in more detail in Sec. IV when we give examples for its production. Before that, let us conclude this section by discussing some general features of Eqs. (18)- (19) .
E. General properties
For any intermediate unstable spin-S particle X of an annihilation DM DM → Y (X → AB), the spectrum of A particles has the following properties, according to Eq. (18):
• It is a kinematic box with endpoints x − (y) and Any other spectrum is a superposition of the ones shown here. The spin-2 particle is assumed to be much lighter than the DM (i.e. rX 1) and its energy equal to MDM (i.e. y = 1). A different choice of rX will only shrink the box.
x + (y), centered at x = y/2, and with an overall shape given by a superposition of the polynomials of order 2S,
where the variable s runs over all possible integers such that all the factorials involved are nonnegative. The polynomial structure of certain spectra has been discussed in Ref. [55] using other methods. Similarly, polynomial kinematic distributions have been studied in Ref. [56] in the context of colliders.
• From the identity d
, it follows that intermediate states X with opposite polarizations give rise to spectra that are specular images of each other which respect to the central point x = y/2. Likewise, the spectra associated to m = 0 are symmetric around the central point. All of this is illustrated in Figs. 2 and 5.
• The role of B and A can be interchanged by means of a reflection along their direction of motion (see 
The flux of B is thus a specular image of the flux of A with respect to the central point. In particular, for identical particles in the final state, B = A, the spectrum is symmetric.
• Suppose that all the coefficients C m are equal. Then C m = 1/(2S + 1) by normalization and from
Hence, a non-flat spectrum can only arise if the polarizations of the final states behave in a different manner. For instance, this is the case of spin-1 /2 decaying fermions, in which the "triangle-shaped" spectrum only arises if the left-and right-handed decay products couple differently [50] . Similarly, in gauge boson decays, we have seen that final states with helicity m = 0 are typically negligible since they are mass-suppressed (see Eqs. (23)- (24)).
• If the intermediate particle X is produced unpolarized, the energy spectrum is proportional to m f S m , i.e. each polarization contributes with the same weighting factor. From m |d m m (θ 0 )| 2 = 1, we again obtain a flat spectrum. Thus, even if there exists a mechanism that distinguishes the different helicities of the final state (such as chiral couplings or mass-suppression), in order to have nonflat spectra, one also needs another mechanism differentiating the spins of the intermediate decaying state, otherwise the total rate erases the different spectral features into a flat-box shape. In the case of the particles of spin-1 /2 this can be achieved by means of an asymmetry in the DM sector. In the case of massive gauge bosons, as discussed above, this happens automatically at high energies since their longitudinal and transverse components are identified with two completely different fields, the Goldstone bosons and the massless gauge fields, respectively. As we will see in the following section, this is also the case of spin-2 particles produced in DM annihilations.
Before finishing this section, we would like to comment on an algorithm to calculate the coefficients C m in an
The coefficient C m can therefore be calculated simply by considering the decay rate of the particle X in its rest frame when its spin along a given axis is m and the final two-body state is aligned with said axis. This immediately shows that C −m = C m when parity is conserved.
IV. PRODUCTION OF SPIN-2 PARTICLES FROM DM ANNIHILATION
In analogy to the case of W bosons produced in DM annihilations, we will now show that spin-2 particles are also generically produced polarized. The (Fierz-Pauli) Lagrangian of a massive spin-2 particle is given in terms of a symmetric tensor field T µν as [57] 
where we introduced a linear coupling to a source tensor T X µν , to be specified later. We remain agnostic about the origin of this spin-2 particle and in particular do not necessarily assume it to be a Kaluza-Klein excitation of the graviton. For the current status on the consistent (ghost-free) Lagrangians of massive spin-2 fields beyond the linear level we refer to Refs. [58] [59] [60] . 3 The five physical degrees of freedom contained in T µν can be described by the polarization tensors
where T propagates in the z direction with momentum p µ = ( M 2 T + p 2 , 0, 0, p). In the limit of a boosted particle, M 2 T p 2 , the polarization vector ε µ (p, 0) becomes increasingly aligned with the particle momentum, i.e. ε µ (p, 0) = p µ /M T + 3 See also Refs. [61, 62] where the massive tensor is not just a mediator to the DM sector but is taken long-lived enough to form DM itself.
O(M T /p), which gives
This is already enough to make the following statements:
• If the source is conserved, we have ∂ µ T X µν = 0 and each tensor emission amplitude M µνε µν (p, m) satisfies M µν p µ = 0 = M µν p ν . Hence, the emission of a boosted tensor with polarization m = ±1 is parametrically suppressed by M 2 T /p 2 . In other words, the m = ±1 helicities decouple for M T → 0 if the source is conserved, and the Lagrangian turns into that of a massless spin-2 particle G µν and a massless scalar π, which couples to the trace of the source:
The ratio between the m = 0 and m = ±2 channels in this limit is model and process dependent, as we will see explicitly below.
• If the source is not conserved, the dominant helicity will be m = 0, because the rate is generically enhanced by p 2 /M These statements are in close analogy to the (abelian) spin-1 case, where it is the m = 0 polarization that decouples or dominates in the limit M V → 0, depending on whether the corresponding vector current that V couples to is conserved or not.
From the above it is already clear that (boosted) spin-2 particles produced in DM annihilation (or decay) will be polarized to some degree, and hence lead to non-flat photon and neutrino spectra. It is relatively easy to cook-up a model that dominantly produces T with m = 0 in DM annihilation processes, simply by coupling T to a nonconserved source. The real challenge is therefore to find models that produce the other T polarizations (necessarily involving a conserved source, henceforth the energymomentum tensor of the DM particle). The m = ±2 modes are of particular interest because they will lead to highly peaked gamma-ray spectra (see left plot of Fig. 5 and note that T → γγ only has non-zero coefficients C ±2 , as shown in Tab. I).
We will now present several examples to illustrate our statements. In all cases we will take the source T X µν to be the energy-momentum tensor of a new particle X, either scalar, fermion or vector. Most of the relevant Feynman rules can be found in Ref. [54] .
A. V V → V T
In order to produce all five polarizations when only one tensor is emitted in s-wave DM annihilations, it seems that rather high spins are required. As such, we start our tour of models with vector DM. The ideal model for our purposes was proposed in Ref. [63] , as it contains stable spin-1 DM. Here, the dark sector has an SU (2) gauge symmetry, spontaneously broken by a complex scalar doublet φ,
with field strength tensor
In absence of fermions charged under the SU (2), an accidental custodial SO(3) symmetry survives after symmetry breaking, which keeps the three massive vectors V 1,2,3 µ degenerate and stable. In unitary gauge, φ = (0, v S + S) T / √ 2, the relevant interaction terms are
The vacuum expectation value can be expressed in terms of the gauge coupling g and vector mass as v S ≡ 2M V /g. The Brout-Englert-Higgs-like scalar S remaining in unitary gauge provides a portal to the SM sector, as it mixes with the SM scalar h through the scalar potential V pot [63] . From the Lagrangian L V we can calculate the corresponding energy-momentum tensors T V µν and T S µν of the particles V and S, which defines the coupling to the spin-2 particle T via Eq. (29) . This gives rise to the processes V V → V T and V V → ST , which have a promising high number of spin-couplings to produce T ±2 .
We start our discussion with the process V V → V T (see Fig. 6 ), which exists due to the non-abelian nature of the dark sector. The s-wave cross section for V a V b → V c T is only non-vanishing for a = b = c = a due to the custodial SO(3) symmetry,
where r T ≡ M T /M V and The limit M T → 0 is unproblematic due to the conserved source tensor, in particular u V V V T (0) = 1. 4 The helicity branching ratios
are quite simple, Br 0 : Br ±1 : Br ±2 = 6 : 5r
For small M T , we find that the m = ±1 helicities decouple with r 2 T , as expected for a conserved source. The m = ±2 modes decouple even faster, making m = 0 the dominant polarization in the entire the parameter space (since r T < 1 due to kinematics).
Together with the branching ratios of T m into photons and neutrinos (see Tab. I), we can calculate the flux and spectral shape of our processes analogous to Eq. (11). In Fig. 7 we give the photon and neutrino spectrum (identical to anti-neutrino spectrum) for various values of r T . The width of the "box" is the same for both final states, but the spectral shape within the box is completely different for neutrinos and photons as a result of their different spins. A more detailed analysis of these spectra will have to wait until Sec. V, for now we merely point out the interesting double-peak shape of the neutrino flux.
The features from Fig. 7 will unavoidably be accompanied by actual lines from the s-channel processes V V → T → γγ, νν. The cross sections for monochromatic photons [26] and neutrinos are
which are parametrically suppressed by M 2 V /Λ 2 compared to the single tensor emission of Eq. (35) . 5 Note that due to the kinematics, these processes give lines at E γ,ν = M V , i.e. at higher energies than the spectral features of Fig. 7 .
B. V V → ST
Let us now discuss V a V b → ST within the same model [63] from above, which is only non-vanishing for a = b due to the SO(3) symmetry. The s-wave cross section takes the form
with r T,S ≡ M T,S /M V and u V V ST (x, y) defined in Eq. (A1) in the appendix. The limit M T → 0 is again unproblematic due to the conserved source tensor and we have u V V ST (0, 0) = 1. The cross section is generically of the same order as V V → V T if the scalar is kinematically accessible. In case the mixing angle α between S and the SM scalar h is not zero, one has to multiply the above formula by cos 2 α or sin 2 α and replace M S = r S M V by the appropriate mass. The helicity branching ratios are given in full form in Eqs. (A2)-(A3) in the appendix, which reduce to
Br 1 24r
Br 2 384r
for r T 1. Qualitatively, these give the same M T → 0 decoupling pattern that we found above for V V → V T . Even for large r T it is always the m = 0 helicity mode that dominates, so the flux will be similar to that of V V → V T in Fig. 7 . 5 Here we consider neutrinos to be Weyl or Majorana spinors, reducing the cross section (and T → νν branching ratio) by a factor 1/2 compared to a Dirac neutrino [65] . 
C. FF → V T
With the above vector DM model we found examples of how to dominantly produce the m = 0 tensor polarization. Let us try to find examples where m = 0 is subleading. Fermion DM annihilating into one vector boson and one tensor T should allow for the production of all five T helicities in the s wave, so is a worthwhile example to study here. A simple model consists of one massive Dirac fermion F charged under a U (1) with massive gauge boson V ,
For our purposes it suffices to give a Stückelberg mass to V , seeing as we are not interested in the effects of spontaneously breaking the U (1) . The stability of F can in either case be ensured by an unbroken discrete subgroup of U (1) , for example by giving F an even U (1) = U (1) B−L charge [66, 67] . Coupling T µν to the energy-momentum tensor T F µν derived from L F [54] allows us to calculate the unpolarized cross section for the process FF → V T in the non-relativistic (s-wave) limit,
where r T,V ≡ M T,V /M F and the expression for u F F V T (x, y) is given in Eq. (A4). 6 We stress that both limits M T → 0 and M V → 0 lead to finite rates due to the coupling to conserved sources and yield u (A6), let us simply focus on the limit r T 1:
Br ±1 3r
This is the same qualitative behavior we found for vector DM in the previous sections. 
Since kinematics only restrict r T + r V < 2, the m = 0 mode is no longer dominant for r T > ∼ 1.5, as m = ±2 gets enhanced (see Fig. 8 ). This effect is amplified if we properly set M V = 0, as this allows T to be polarized even if produced (almost) at rest. Combining the above with the T decay spectra from Tab. I, we can obtain the resulting gamma-ray and neutrino spectra from FF → V (T → γγ, νν) (Fig. 9) . While for most of the parameter space we obtain the m = 0 spectrum, this is not necessarily the case for M V M F < ∼ M T , as argued above. However, in this part of the parameter space the box becomes increasingly narrow, making it hard to determine the spectral shape within for realistic detector resolutions. We will come back to this issue in Sec. V.
For completeness, we give the processes that yield real monochromatic photons [26] or neutrinos
Both are p-wave suppressed and, of course, of higher order in the coupling constant 1/Λ compared to the single tensor emission FF → V T of Eq. (46).
All processes considered so far dominantly gave rise to the m = 0 tensor polarization. Let us give an example for a process where the m = 0 mode is forbidden, making the m = ±2 polarizations relevant. For this, we consider a Majorana fermion F and calculate the rate F F → T T in the s wave. In this case, the transition amplitude can be cast as M =vFu, where v and u are the spinors associated to the initial fermion describing arbitrary spin states. We are however only interested in the state of total spin S = 0, since the ones associated to S = 1 do not exist for a pair of identical fermions in the s-wave configuration. In order to isolate the amplitude for the S = 0 state we follow Refs. [68, 69] and calculate it by means of
where k = (M DM , 0, 0, 0) is the DM momentum in the non-relativistic limit. Incidentally, this procedure shows that the s-channel diagram (see Fig. 10 ) does not contribute to the annihilation amplitude because the vertex F F T , when inserted in Eq. (52), gives zero. Consequently, for this specific non-relativistic s-wave cross section it is not necessary to include the cubic tensor selfinteractions, which is a non-trivial ingredient of theories with massive spin-2 particles. The nevertheless required contact-interaction vertex F F T T can be found, e.g. in Ref. [70] . This procedure yields the s-wave cross section While this is of the same 1/Λ order as the cross sections into monochromatic neutrinos and photons, the latter are p wave and hence additionally suppressed.
The s-wave Majorana fermions couple to an initial J P C = 0 −+ state, so the two tensor polarizations are always the same, with simple ratios Br 0,0 : Br ±1,±1 : Br ±2,±2 = 0 : r
The m = ±1 modes again decouple for r T → 0; the qualitatively new feature in this process is the vanishing m = 0 amplitude, even for massive spin-2 particles. This is in fact a selection rule ensured by symmetry: the initial state has negative parity, so the final state must have odd orbital angular momentum L. For Majorana particles in the s-wave J = L + S = 0, which requires the two finalstate tensors to couple to an odd spin. Since odd spin states in boson-boson couplings are antisymmetric, we obtain Br 0,0 = 0. Notice that this argument does not apply to the states with m = ±2 because when they are produced, the two tensors in the final state have opposite spin components. The resulting spectral shapes for gamma rays and neutrinos are shown in Fig. 11 . Due to the dominant m = ±2 polarization of the tensor, it is the photon spectrum that shows a double peak, compared to the spectra of V V → V T in Fig. 7 .
V. SPECTRA FROM SPIN-2 MEDIATORS
As long as we specify branching ratios into the different polarizations, the full generality of Eq. (19) allows us to calculate model-independent spectra when the DM annihilates into spin-2 particles coupled to the energymomentum tensor. In fact, we have learned in the previous section that we typically have two cases: either the m = 0 polarization dominates over the others or it is forbidden by a selection rule and the m = ±2 states prevail.
Taking this as a motivation, we consider the process DM DM → T T assuming L = J = 0 for the initial state and that the branching ratios are such that either Br 0,0 = 1 or Br 2,2 = Br −2,−2 = 1/2. Then we let the tensor particles decay into a pair of photons or neutrinos and calculate the corresponding differential spectra using Eq. (19), taking r T = 0.01 and r T = 0.75 as benchmark values. The resulting plots are shown in the left and right panels of Fig. (12) , respectively. In order to account for the finite detector resolution, the spectra are convoluted with a Gaussian distribution of 15% of the energy, a value which is at reach of current gamma-ray and neutrino telescopes [71, 72] . In the plots we have also included a scenario in which the spin-2 particles are produced unpolarized, which mimics the case in which the particles produced in the annihilation are scalars, as discussed in Sec. III. In the case of Br 0,0 = 1, the neutrino spectra exhibit dips and significantly deviate from the unpolarized flat box. In contrast, when the m = ±2 states dominate, the spectra are similar to the unpolarized ones, and consequently the resulting features are just the edges of the box. This situation is somewhat reversed for gamma rays. There, the case Br 0,0 = 1 leads to spectra with no dips while the case when the polarizations m = ±2 dominate gives rise to two spectral features clearly distinguishable from a flat box, with a dip at half of the spectrum. Because the resolution increases with the energy, the height of those spectral features -originally equal according to Fig. (5) -decreases for larger energies.
To compare with the astrophysical background, and also in order to provide a somewhat realistic example, we consider the case of a spin-2 particle with mass M T = 750 GeV, DM with M DM = 5 TeV, and assume an anni- as input in Eq. (19) . The relation between the total flux and the cross section is given by
where the factor of 4 Br(γγ) = 2 Br(γγ)[1 − Br(γγ)] + 2 [1 − Br(γγ)]Br(γγ) + 4 Br(γγ) 2 takes into account all possible T decays that lead to photons. Together with the astrophysical factorJ = 7.44 × 10 24 GeV 2 /cm 5 /sr (associated to the Einasto DM distribution profile for the galactic halo region as specified in Refs. [71, 75] ), the flux Φ γ = 3.5 × 10 −6 m −2 s −1 sr −1 then corresponds to a cross section σv(DM DM → T T ) × Br(T → γγ) = 0.75 × 10 −26 cm 3 /s. We choose these values only for illustration purpose; they have no physical relevance as here we do not aim at estimating the relic density or the branching ratio into diphoton final states. Notice nevertheless that such values are achievable in various TeV-DM models, since many of them give rise to cross sections larger than canonical thermal value due to non-perturbative effects (for concrete examples see e.g. Ref. [76] ). The resulting differential flux is shown in Fig. 13 (left) , compared against the gamma-ray flux from the galactic halo region as measured by the H.E.S.S. telescope [71] . As done by the collaboration itself, we multiply the fluxes by E 2.7 γ so that the spectral features are more visible compared to the essentially flat background.
All three spectra are distinguishable from the astrophysical background due to their sharp feature. This allows us to calculate the 95% C.L. upper limits on the annihilation cross section σv(DM DM → T T )Br(T → γγ) for arbitrary DM masses in the range of H.E.S.S., but still taking M T = 750 GeV. In addition we also present the limits for M T = 2 TeV. We follow the method pursued by the H.E.S.S. collaboration in Ref. [71] , which adopts a phenomenological background model defined by seven parameters. Our results are reported in Fig. 14 for the cases in which the tensor is produced unpolarized as well as for Br 2,2 = Br −2,−2 = 1/2 and Br 0,0 = 1. For the sake of comparison, we also show the corresponding limits for 2 σv(DM DM → γγ) [71] , which corresponds to monochromatic lines with the same total flux as the other cases. Up to a factor of a few, the limits from polynomial gamma-ray boxes are competitive with the ones from lines.
As is clear from Figs. 13 and 14, it is difficult to distinguish the spectra associated to different the polarizations of the spin-2 particle. Doing so crucially relies on Gamma-ray signal expected from DM annihilation into a pair of spin-2 particles T subsequently decaying into γγ, along with the corresponding H.E.S.S. data from galactic halo region [71] . For illustrative purposes we choose Φγ = 3.5 × 10 −6 m −2 s −1 sr −1 for the overall DM signal. The unpolarized spectrum is the same as the flat box of a spin-0 particle. Right: Same DM spectrum as in the left panel but for an energy resolution of 5% instead of 15%, which could be achieved by future gamma-ray telescopes such as C.T.A. [73] . the detector resolution. In order to illustrate this, we show the optimistic case of a 5% energy resolution in Fig. 13 (right) , potentially achievable in future gammaray telescopes such as C.T.A. [73] . We observe that the case Br 2,2 = Br −2,−2 = 1/2 now gives a narrower feature compared to the other two as well as a lower-energy "shoulder". We leave a detailed quantitative comparison for future work. Nevertheless, we would like to remark that the sensitivity of C.T.A. to flat gamma-ray boxes has already been discussed in Ref. [77] .
It is straightforward to repeat the above analysis for neutrino spectra. Compared to gamma-ray telescopes, IceCube is sensitive to much higher energies, with several PeV neutrinos detected in the last years [74] . Neutrinos with such high energies are more easily obtained from DM decays, which require a slight modification of our definition of the total flux from Eqs. (11), but are still described by the spectral function of Eq. (19) . Denoting the DM lifetime by τ DM , we have
whereJ dec is Eq. (12) with ρ 2 DM → ρ DM and we already assumed neutrinos and anti-neutrinos to be indistinguishable, hence the factor of 4 in the numerator. Taking the same benchmark values for Br m as above for the gamma-ray flux, we obtain the spectra of Fig. 15 , using, for illustration purposes, Φ ν = 10
and M DM = 5 PeV. These spectra are insensitive to the tensor mass as long as M T M DM . We observe that the double-peak shape in the Br 0,0 = 1 spectrum is more pronounced compared to the doublepeak photon spectrum (Fig. 13) , which is in part due to the steeper background for gamma rays compared to neutrinos -which translates into our choices of the vertical axes -and in part because the actual dip is deeper [74] . For purely illustrative purposes we choose Φν = 10 −11 m −2 s −1 sr −1 for the overall DM signal and an energy resolution of 15%. The unpolarized spectrum is the same as the flat box of a spin-0 particle.
(see Figs. 12 ). The main effect is however the same: one of the spectra appears more narrow than the other two, and will lead to DM bounds that are in between those of a box and a monochromatic line (see recent analysis in Ref. [78] ).
VI. CONNECTION TO THE 750 GEV RESONANCE
Let us finally turn to the tantalizing LHC diphoton excess [10] [11] [12] [13] . Its simplest explanation assumes a spin-0 or spin-2 particle R of mass 750 GeV coupled to photons and protons (spin 1 being excluded by the Landau-Yang theorem [14, 15] ). There is not enough data yet to establish the total width of the resonance or its various branching ratios. If this new particle R also couples to DM and can kinematically be produced on shell via annihilations (or decay), we can apply our formalism from the previous sections to determine the resulting indirect detection signatures. The cleanest channel, of course, comes from the monochromatic photons produced in the process DM DM → R * → γγ. For scalar or vector DM, this annihilation can take place via the s wave. In contrast, for Majorana DM, it is p-wave suppressed if R is a real scalar or spin-2 tensor, but s wave for a pseudoscalar R.
If M DM > 750 GeV and the coupling of R to DM is larger than to photons, the process DM DM → RR can be the dominating annihilation channel. The subsequent decay R → γγ (or R → νν depending on the model) will then lead to box-shaped spectra as discussed in the previous sections (Fig. 12) . In particular, a spin-0 R (or an unpolarized spin-2 R) would lead to a flat-box spectrum [23, 30] . Since a spin-2 particle is generically produced polarized, the gamma-ray spectra from a spin-2 diphoton resonance will not be flat and can potentially be distinguished from the spin-0 spectra. The relevant features compared to the power-law background are shown in Fig. 13 ("unpolarized" being equivalent to a spin-0 resonance). With the assumed 15% energy resolution it will be difficult to distinguish the spin-0 and spin-2 case or the different spin-2 polarizations. A confirmation of the spin-2 nature of the diphoton resonance at the LHC, however, would warrant a more detailed quantitative analysis of the differentiation between the different polarizations in indirect detection. Nevertheless, the presence of the spectral features already allows us to set limits on the DM annihilation cross section into the diphoton resonance, as shown in Fig. 14 .
Seeing as a universal coupling of the 750 GeV spin-2 particle R is disfavored by non-observation of a dilepton resonance [16] [17] [18] , it is reasonable to assume that the coupling (and branching ratio) of R to neutrinos is smaller than to photons. The neutrino spectra can nevertheless be of interest because neutrino telescopes such as IceCube can probe neutrino energies up to PeV, whereas H.E.S.S. only goes up to 20 TeV. 8 The neutrino spectra derived here could for example be used to explain the "peak" of three PeV neutrinos in IceCube [74, 82] by setting M DM ∼ PeV and e.g. M T = 750 GeV, analogous to other DM-inspired explanations [83] [84] [85] (see Fig. 15 ). Astrophysical explanations for this statistically insignificant observation are readily available; in particular, the highest PeV neutrino event appears to be in temporal and positional coincidence with a blazar outburst [86] . We thus omit a more detailed discussion.
An interesting point to end this section on is the modelindependent correlation of neutrino and gamma-ray spectra (Fig. 12) , which should in principle help to determine the polarization of the mediator once signals are observed both by neutrino and Cherenkov telescopes.
VII. CONCLUSION
We have investigated DM annihilations (and decays) into two particles with arbitrary spin, which subsequently undergo two-body decay into photons or neutrinos. The resulting differential flux of energy is a box spectrum with an overall polynomial shape given by Eq. (19) . This formula can be applied to an arbitrary model.
The relative weight of each polynomial is determined by the model-dependent coefficients Br m and C m . The former denotes the relative production probability of X with polarization m, whereas the latter describes the angular distribution of the decay products of X, e.g. photons or neutrinos, when their helicity difference is m. Only if both Br m and C m actually depend on m do we obtain a polynomial shape for the spectrum instead of a flat box. We have argued that this is generically the case if the intermediary particle X has spin one or two.
In the case of DM annihilating into massive gauge bosons, the dependence of Br m or C m on the angular momentum m is rooted in the GBET. Similarly, for DM annihilating into spin-2 particles coupled to the DM energymomentum tensor, the states with helicity m = ±1 decouple for heavy DM masses. Moreover, branching ratios into states with helicity m = 0 dominate unless some selection rule forbids them. This happens for Majorana DM annihilations, in which case the branching ratios into m = ±2 dominate, yielding highly non-trivial spectra for photons and neutrinos.
We have discussed the implications of these effects for non-relativistic DM annihilations or decays into the hypothetical 750 GeV resonance responsible for the diphoton excess observed at the LHC. As an example, we have derived the gamma-ray spectrum from DM annihilations in Fig. 13 for a particular benchmark mass at the TeV scale and compared it against the astrophysical background as measured by the H.E.S.S. telescope. Similarly, we have calculated the neutrino spectrum of decaying PeV DM in Fig. 15 and compared it against the neutrino flux measured by IceCube. In this discussion, we assume that spin-2 particles couple to the energymomentum tensor.
Finally, by exploiting the gamma-ray spectral features that are produced when DM annihilates into the scalar/tensor particle, we have also derived an upper limit on the corresponding annihilation cross section. The results are shown in Fig. 14 . With the energy resolution of current gamma-ray telescopes it is not yet feasible to distinguish all the possible spectral shapes. Nevertheless, that is not necessarily an obstacle for future gamma-ray or neutrino telescopes, which could in principle resolve the different polynomials and determine the polarization of the mediator particle. A quantitative analysis is left for future work.
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